Confocal imaging and local photolysis of caged compounds: Dual probes of synaptic function  by Wang, Samuel S.-H. & Augustine, George J.
Neuron, Vol. 15, 755-760, October, 1995, Copyright © 1995 by Cell Press 
Confocal Imaging and Local 
Photolysis of Caged Compounds: 
Dual Probes of Synaptic Function 
Neurotechnique 
Samuel S.-H. Wang and George J. Augustine 
Department of Neurobiology 
Duke University Medical Center 
Durham, North Carolina 27710 
Summary 
Chemical sig nals generated at synapses are highly lim- 
ited in both spatial range and time course, so that ex- 
periments studying such signals must measure and 
manipulate them in both these dimensions. We de- 
scribe an optical system that combines confocal laser 
scanning microscopy, to measure such signals, with 
focal photolysis of caged compounds. This system can 
elevate neurotransmitter and second messenger lev- 
els in femtoliter volumes of single dendrites within a 
millisecond. The method is readily combined with 
whole-cell patch-clamp measurements of electrical 
signals in brain slices. In cerebellar Purkinje cells, pho- 
tolysis of caged IP3 causes spatially restricted intracel- 
lular release of Ca 2+, and photolysis of a caged Ca 2+ 
compound locally opens Ca2+-dependent K + chan- 
nels. Furthermore, localized photolysis of the caged 
neurotransmitter GABA transiently activates GABA re- 
ceptors. The use of focal uncaging can yield new infor- 
mation about the spatial range of signaling actions at 
synapses. 
Introduction 
At synapses, signaling events exert their influence on a 
scale ranging from the whole cell down to single spines. 
Postsynaptic electrical signals spread along the entire 
length of the dendrites and are therefore summed over a 
large spatial volume. In contrast, chemical signals such 
as secreted neurotransmitter can be localized to single 
synaptic contacts. Postsynaptic second messenger sig- 
nals can also be restricted to single spines (Guthrie et 
al,, 1991; Meller and Connor, 1991) or limited numbers 
of dendritic branches (Eilers et al., 1995a). Thus, spatial 
localization is a particularly critical feature of synaptic 
chemical signaling and may confer input specificity to cer- 
tain forms of synaptic plasticity, such as long-term potenti- 
ation and long-term depression. 
Experimental studies of chemical signaling at synapses 
require methods for both observation and manipulation of 
these signals. Ideally, such methods should have a good 
signal to noise ratio and high spatial and temporal resolu- 
tion. The application of whole-cell recording to brain slices 
allows high resolution measurements of synaptic electrical 
signals (Blanton et al., 1989; Edwards et al., 1989). Fluo- 
rescence imaging methods such as confocal laser scan- 
ning microscopy (Pawley, 1995) allow chemical signals 
to be measured with submicrometer spatial resolution 
and millisecond time resolution. Finally, photoactivatable 
"caged" compounds, molecules that are biologically inac- 
tive until exposed to UV light, can produce active neuro- 
transmitters or second messengers in a rapid, controlled 
fashion in living tissue. The variety of available caged com- 
pounds is now quite large (McCray and Trentham, 1989; 
Adams and Tsien, 1993). 
Here we describe how to combine these powerful tech- 
nologies in brain slices. We have augmented an electro- 
physiological recording setup by combining it with a confo- 
cal microscope, for fluorescence imaging of Ca 2÷ and other 
second messengers, and a UV laser, to allow rapid uncag- 
ing in small volumes within the slice. The resulting system 
allows rapid photochemical generation of second messen- 
gers while simultaneously measuring the physiological ef- 
fects of these messengers. 
Instrumentation 
Our experimental setup is composed of four major parts 
(Figure 1): the microscope and brain slice chamber, the UV 
laser and hardware for positioning its beam, the confocal 
microscope, and the patch-clamp amplifier. There are 
many possible configurations of such equipment, and we 
will discuss some of the considerations that went into the 
design of our particular system. 
Focal Uncaging 
Caged compounds currently in use are photolyzed to their 
biologically active forms by near-UV light (300-400 nm). 
For uncaging, we use an argon ion laser, which generates 
a collimated light beam with principal uncaging lines at 
351 and 364 nm. Its continuous, nonpulsed light emission 
allows the use of an electronic shutter to vary the duration 
of illumination. To photolyze caged compounds within a 
few milliseconds, our optical system requires - 2 mW of 
UV output from the laser; this requirement is met by a 
high output (8 W) laser that requires dedicated electrical 
utilities (208 V, 60 A) and a continuous flow of cooling 
water to dissipate the heat produced by the laser. 
The UV laser light is routed by an optical fiber through 
the objective of the epifluorescence microscope and onto 
the specimen (Figure 1A). Fiber optic delivery was chosen 
for convenient lateral positioning of the light beam in the 
plane of the specimen, although coupling this fiber to the 
laser results in loss of -64% of the output of the laser. 
An alternative is to use mirrors to position the beam (Katz 
and Dalva, 1994). With appropriate lenses, the optical fiber 
forms a spot 100 ~m in diameter at the intermediate image 
plane of the microscope. This light passes through the 
microscope objective and produces on the specimen a 
focused spot whose size depends upon the magnification 
of the objective. The 40x objective we normally use 
should produce a spot that is 2.5 p.m in diameter. Larger 
spots can be produced by using an objective with lower 
magnification, by increasing the diameter of the optical 
fiber, or by moving the axial position of the fiber. To posi- 
tion the spot within the plane of the specimen, the optical 
fiber is mounted in a micrometer-controlled x-y translator. 
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Figure 1, Layout of the Focal Uncaging Setup 
(A) Light paths of UV light used for photolysis and visible light used 
for fluorescence imaging. 
(B) Block diagram of entire system. Dashed lines indicate lectronic 
triggering circuits, and solid lines indicate the stream of data flow, 
place the UV excitation filter with a visible-pass filter to 
make the spot visible. 
The objective lens is a key part of the uncaging setup, 
and several features are important in choosing it. For patch 
clamping brain slices, the objective should be water im- 
mersion, with a long working distance to accommodate 
electrodes, and as high a numerical aperature as possible 
(Augustine, 1994). To optimize photolysis of caged com- 
pounds, the objective should also transmit UV light effi- 
ciently. It is important hat UV stimulation and visible light 
recording occur in the same plane of focus; many objec- 
tives focus UV and visible light to different planes of focus 
owing to chromatic aberration (Bliton and Lechleiter, 
1995). Fortunately, this aberration is smallest in lenses 
that are best at transmitting UV light (Jackson, 1975), and 
so UV-transmitting objectives are often parfocal in the visi- 
ble range. We prefer an Olympus 40 x UV objective, which 
has an NA of 0.7, transmits near-UV light well (76% trans- 
mission at 360 rim), has no measurable shift in focus from 
351/364 nm to 488 nm, and has a long working distance 
(3.2 mm). If lack of parfocality is a problem, lenses can 
be added to the UV beam path to compensate for both 
paraxial and off-axis aberrations before the beam merges 
with the visible light path (Bliton and Lechleiter, 1995). 
Confocal Imaging, Electrophysiology, 
and Synchronizing Data Acquisition 
The considerations involved in selecting a fluorescent mi- 
croscope are numerous. In brief, our applications require 
visible light excitation, high speed image acquisition (video 
frame rates [30 images per second] or faster), good signal 
to noise ratio, and high spatial resolution. Most of these 
requirements are met by a number of commercially made 
confocal laser scanning microscopes. We have selected 
the Noran Odyssey microscope, which can gather images 
at up to 480 Hz and has extensive software for image 
acquisition and analysis. 
Our experiments require synchronization between three 
events: uncaging, fluorescence image acquisition, and 
electrophysiological recording. We accomplish this by 
sending TTL-Iogic timing pulses from one computer that 
trigger experimental manipulations or data acquisition by 
another computer (Figure 1B, dotted arrows). First, the 
computer that controls the confocal microscope sends a 
timing pulse to an external trigger input in the computer 
that acquires patch-clamp data. The timing pulse initiates 
a data acquisition protocol in the patch-clamp computer. 
As part of this protocol, the patch-clamp computer sends 
two trigger pulses: one to an extracellular stimulation elec- 
trode, to activate synapses, and another to the shutter that 
regulates the UV uncaging light. 
Results 
Performance of the Local Photolysis System 
To evaluate system performance, we used caged fluores- 
cein-dextran (cF-D) because this compound's photoprod- 
uct can be visualized directly. Focusing the UV spot on 
a slide containing cF-D caused a rapid and spatially local- 
ized increase in fluorescence (Figure 2A). The resulting 
spot was approximately Gaussian, being brightest at its 
center and dimmer at its edges (Figure 2B). Defining the 
edge of the photolysis spot to be the points at which fluo- 
rescence was 50% of its maximum, the diameter of the 
spot was 2.5-3 ~.m. This agrees with the performance 
expected from the optical elements in the UV pathway. 
Uncaging of intracellular cF-D in a Purkinje cell of a living 
brain slice was somewhat more dispersed than uncaging 
in vitro, with an initial spot diameter of - 3-5 I~m (Figure 
2C). Although the branched dendritic structure makes di- 
rect comparison difficult, this increased spot diameter pre- 
sumably results from scattering of UV light by the brain 
slice. 
The microscope objective was chosen to focus UV light 
optimallyonto the plane of the specimen. However, uncag- 
ing still occurs above and below the focal plane of the 
spot. This was demonstrated by uncaging a thin, dried 
sample of cF-D positioned at various distances from the 
specimen focal plane (as in Figure 2A). As the laser spot 
was placed further above or below the specimen focal 
plane, uncaging occurred over increasingly larger areas. 
The specific form of these regions of photolysis depends 
on the NA of the objective and the extent to which the UV 
beam fills the back of the objective. By using volume- 
rendering software to merge the data, the uncaging vol- 
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Figure 2. Performance Characteristics ofthe Uncaging System 
(A) Small spot of fluorescence produced by phototysis of caged fluores- 
cein-dextran (cF-D) dried on a microscope slide. 
(B) A line scan across the image shown i  (A) defines the lateral limits 
of photolysis. The diameter (full width, half-maximal mplitude) ofthis 
spot is 2.7 p,m. 
(C) Photolysis of cF-D in the dendrite of a living Purkinje cell yields a 
spot with a diameter of 3.7 p.m. 
(D) Reconstructed side view of the uncaging region. Sections of the 
UV light beam profile were measured by uncaging a thin sample of 
cF-D at various positions above and below the focal plane of the UV 
light. 
(E) Photolysis varies with the duration of the UV light pulse. Power 
settings yielding 1.84 mW of UV laser power at the front of the objective 
cause half-maximal photolysis of cF-D in <2 ms. 
(F) Half-maximal photolysis of cF-D requires <4 IxJ of energy. Laser 
power was reduced --10-fold from (E). 
ume was seen to be shaped like two cones joined by a 
waist (Figure 2D). The amount of uncaging in the area of 
the focused uncaging region decreases above or below 
the focal plane, with a depth of uncaging of - 15 i~m (width 
at half-maximal amplitude). 
The time required for photolysis depends on the energy 
of the UV light pulse and the rate of reaction of the caged 
compound. With the laser power adjusted to yield <2 mW 
of UV light at the specimen, shutter openings as brief as 
1 ms were sufficient to cause some photolysis of cF-D, 
and full uncaging was observed with 5 ms openings (Fig- 
ure 2E), Half-maximal photolysis of cF-D in the spot region 
required about 3 txJ of energy (Figure 2F). At lower laser 
intensities, the efficiency of uncaging cF-D was propor- 
tional to the amount of energy per light pulse, as expected 
for a process in which one UV photon is required to uncage 
one cF-D molecule (Figure 2F). 
Local  Uncag ing  of Second Messengers  
and  Neurot ransmi t te rs  in Purk in je  Cel ls 
To demonstrate the utility of our focal photolysis method 
for studies of synaptic signaling, we show the physiological 
actions of several caged synaptic messengers: caged ino- 
sitol 1,4,5-trisphosphate (IP3), nitrophenyI-EGTA (NPE; 
caged Ca2+), and caged y-aminobutyric acid (GABA). 
In a Purkinje cell filled with 150 I~M caged IP3, exposure 
of a portion of the dendritic arbor to a spot of UV light 
caused release of Ca 2+ from intracellular stores (Khodak- 
hah and Ogden, 1993). The Ca 2+ signal was local, ex- 
tending <5 i~m from the uncaging spot (Figure 3A). The 
Ca 2÷ signal rose most quickly at the photolysis site, where 
Ca 2÷ rose suddenly after a delay of 25 ms during which 
little or no Ca 2÷ release was seen (Yao et al., 1995). At 
increasing distances from the uncaging spot, the Ca 2÷ rose 
more slowly (Figure 3B), owing to diffusion of either IP3 
or released Ca 2÷ from the photolysis site. The time course 
of this Ca 2+ signal was well resolved with the high speed 
confocal microscope, as indicated by the several image 
frames (Figure 3A, 17 and 25 ms) with little or no Ca 2÷ 
release even at the site of photolysis. This result suggests 
that synaptic IP3 signaling can be restricted to small den- 
dritic compartments. 
Purkinje cells possess Ca2÷-activated K + channels that 
help shape the waveform of the complex spike of the Pur- 
kinje cell (Llin~.s and Sugimori, 1980). In Purkinje cells 
loaded with NPE, a caged Ca 2÷ compound (Ellis-Davies 
and Kaplan, 1994), we could selectively activate channels 
in a small region of the soma. In the example shown in 
Figure 3C, photolysis of NPE caused a local elevation of 
Ca 2÷ concentration that eventually spread throughout he 
cell body (upper traces) and activated Ca2+-dependent K ÷ 
channels (lower trace). The CZ÷-activated K÷ current de- 
cayed more rapidly than the Calcium Green-2 fluores- 
cence signal and had decayed to baseline when Ca 2+ was 
still rising in some regions of the cell. This is consistent 
with a lower Ca 2÷ binding affinity for the channels than for 
the dye and/or with multiple Ca 2+ ions binding to a channel 
before it opens (Magleby and Pallotta, 1983). These infer- 
ences also allow us to conclude that the channels are 
found in somatic regions at or near the uncaging site. 
Another use of the focal uncaging method is to apply 
neurotransmitters locally to a cell (Callaway and Katz, 
1993; Denk, 1994). In Figure 4, a cerebellar slice was incu- 
bated in 200 p.M O-(DMNB-caged) GABA (Gee et al., 
1994). In this experiment, the cytoplasm of the Purkinje 
cell was also dialyzed with 1 mM cF-D (10 kDa). Focal 
photolysis was then visible as a local increase in cF-D 
fluorescence inside the dendrites exposed to the UV spot 
(Figure 4A, pseudocolored region). At the same time, 
GABA release activated GABA receptors, evident as a 
transient inward CI- current that rose rapidly and fell within 
0.3 s (Figure 4B). These responses were about 10-fold 
slower than synaptically evoked inhibitory currents (Vin- 
cent et al., 1992), indicating that photoreleased GABA per- 
sists near the cell somewhat longer than synaptically re- 
leased GABA. These responses to photoreleased GABA 
were not spatially uniform, being largest over the cell 
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Figure 3. Uncaging of Second Messengers in Single Purkinje Cells 
(A) Ca 2÷ release following photolysis of caged IP3. This cell was filled with 150 I~M caged IP3 and the Ca 2~ indicator dye, Calcium Green-2. The 
gray-scale panel at the top shows the cell's entire visible dendritic arbor at the end of the experiment. Pseudocolor panels show changes in dendritic 
fluorescence in the boxed region, normalized to the baseline fluorescence before the UV light pulse. A 4 ms pulse of UV light caused Ca 2÷ release 
after a delay of at least 17 ms. 
(B) Time course of Ca 2÷ changes illustrated in (A). Ca2+ increases were largest and fastest at the uncaging site (inset, region 1).This Ca 2+ release 
spread to one dendritic branchlet (region 2) but was hardly measurable in another nearby (region 3). 
(C) Increases in Ca 2+ and Ca2+-activated K ÷ current following photolysis of caged Ca 2+, nitrophenyI-EGTA (NPE). Top: changes in Ca 2÷ concentration 
in three regions. Ca 2÷ increases were largest and fastest at the uncaging site (inset, region 1) and spread to the other monitored regions. Bottom: 
current at -40 mV holding potential using K-MOPS pipette solution. 
branches more than 50 I~m away from the Purkinje cell 
body (data not shown). Thus, GABA receptor distribution 
varies along the cell body and dendrites of Purkinje cells. 
In these experiments the UV light spot did not appear 
to damage the Purkinje cells. In cells loaded with Ca 2+ 
indicator alone, brief UV il lumination did not produce any 
obvious symptoms of cellular trauma, such as acute 
changes in holding current, input resistance, or resting 
Ca 2+ concentration. Furthermore, in experiments using 
caged IP3, Ca 2÷, or GABA, evoked changes in Ca 2+ or hold- 
ing current were fully reversible (Figures 3 and 4), another 
indication of the absence of toxic effects. Toxicity was 
apparent, however, with prolonged il lumination of any of 
the Calcium Green indicators with visible light, consistent 
with previous reports (Eilers et al., 1995b). We minimized 
these toxic effects by completely shutting off i l lumination 
to the specimen when images were not being acquired 
and by opening the confocal slit as wide as possible to 
maximize signal intensity. 
Future Applications of Focal Photolysis 
in Brain Slices 
Combining focal photolysis with imaging and patch-clamp 
recording is a practical and general method for extracting 
spatial information about chemical signaling events within 
and between cells. With this method, messenger targets 
such as ionic channels can be mapped with micrometer 
resolution, and t iming-dependent interactions between 
messenger pathways can be measured on a mill isecond 
time scale. Because only a few synaptic signaling mole- 
cules can now be imaged in living cells, local photolysis 
nicely complements fluorescent imaging as a means of 
Neurotechnique: Focal Uncaging i  Slices 
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Figure 4. Simultaneous Focal Photolysis of Intracellular cF-D and Ex- 
tracellular Caged GABA 
(A) A Purkinje cell was filled with 1 mM cF-D (10 kDa).The gray-scale 
image shows the outline of the patch pipette (left), cell body, and den- 
dritic arbor of a Purkinje cell after full uncaging. Superimposed on 
this is a pseudocolor image of the uncaging region, calculated as 
the difference between the fluorescence before and after uncaging of 
fluorescein within the dendrite• 
(B) Photolysis of extracellular caged GABA (200 #M) at the same time 
as the cF-D generated a transient inward current carried by CI . 
defining the spatial dimensions of synaptic signals. Re- 
lated methods have already proven useful in mapping con- 
nections between neurons (Katz and Dalva, 1994) and in 
defining the distribution of neurotransmitter receptors on 
cultured cells (Denk, 1994). 
An important property of focal photolysis in brain slices 
is that photolysis occurs in three dimensions (see Figure 
2D). In the case of extracellular caged neurotransmitters 
that are distributed throughout he brain slice, neurotrans- 
mitter is generated in a volume above and below the 
uncaging site. This limits the spatial resolution of the tech- 
nique and is visible as a slowed time course of photolyti- 
cally evoked currents (see Figure 4B). However, because 
uncaging is highest in the focal plane, some degree of 
vertical spatial resolution is still possible at low concentra- 
tions of caged neurotransmitter. Problems with out of fo- 
cus photolysis are eliminated when caged compounds are 
introduced intracellularly, as is the case for caged second 
messengers (e.g., Figure 3). In this case, the uncaging 
volume can be quite small, on the order of femtoliters. 
Another means of avoiding this problem is to use the 
method of two photon excitation microscopy (Denk 
et al., 1990), which provides a dramatic improvement in 
axial resolution during focal photolysis (Denk, 1994). This 
method should also reduce light scattering problems that 
could limit the efficacy of conventional UV photolysis in 
brain slices and thicker specimens, such as intact brains. 
Building a Less Expensive Setup 
The setup we have described optimizes spatial and tempo- 
ral resolution during photolysis, is easy to operate, and is 
relatively maintenance free. If one or more of these param- 
eters is not critical, then much expense can be spared in 
constructing the setup. In particular, if the laboratory is 
already equipped with a patch-clamp setup and a conven- 
tional fluorescence microscope, only a few modifications 
are needed to create a usable instrument for local pho- 
tolysis. 
One significant expense is the water-cooled argon ion 
laser (around $35,000). The arc lamp provided with a con- 
ventional fluorescence microscope could be used for pho- 
tolysis of caged compounds by simply adding an electronic 
shutter and appropriate excitation filters. However, while 
arc lamps cost much less than lasers, their low radiance 
and uncotlimated output reduce the amount of light power 
that can be focused on a given spot in the specimen; thus, 
a 100 W continuous discharge mercury arc lamp is less 
effective and less focal in its photolysis than a 5 W laser. 
Capacitor-discharge flash lamps (Rapp and Guth, 1988) 
can also be focused through a microscope objective and 
may deliver within a millisecond the 1-10 I~J of energy 
needed for photolysis. However, it is not possible to in- 
crease the amount of energy produced from these lamps 
by prolonging their flashes, and these lamps may generate 
electrical transients that can contaminate electrophysio- 
logical signals. Another, and perhaps optimal, way to re- 
duce the cost of the light source is to purchase a recondi- 
tioned or aftermarket laser. 
There are several alternatives for the fluorescence im- 
aging equipment. If high axial resolution is not essential for 
optical imaging, a conventional fluorescence microscope 
can be substituted for the confocal microscope. De- 
pending upon the type of camera used as a detector, this 
substitution can save about $100,000. If no spatial resolu- 
tion is required, a simple photomultiplier or photodiode 
can be used for fluorescence measurements (e.g., Heidel- 
berger et al., 1994). In some uncaging applications, electri- 
cal measurements are sufficient indicators of physiologi- 
cal function (e.g., Callaway and Katz, 1993; Denk, 1994), 
so that no fluorescence imaging system is necessary. 
Experimental Procedures 
Focal Uncaging 
The output of a continuous argon laser (Innova 305, Coherent, PaSo 
Alto, CA) was filtered to pass only uncaging wavelengths (two ZC&R 
Blacklight filters in series, 340-380 nmbandpass) and block visible 
light transmission (<10 -4 in the 400-700 nm range)• The beam was 
then shuttered (Vincent Associates LS6ZM22 laser shutter; Uniblitz 
controller), both ocontrol uncaging and to protect the fiber optic. The 
beam, which is 1.5 mm wide, was next focused onto an optical fiber 
by an input coupling lens (Melles Griot 01 LPX 441/066 piano-convex, 
50 mm focal length, antireflection-coated). The fiber was made of UV- 
transmitting silica (Ceram Optec, 35 p.m core diameter, 
NA = 0.22). Another coupling lens (Melles Griot 01 LAO 001/066, 
doublet, 10 mm focal length) magnified the output spot diameter to 
100 p.m. Finally, the beam was brought to he back of the objective 
Neuron 
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by reflection from two dichroic mirrors (Nikon DM400), merging the 
UV beam path with the confocal microscope's illumination path. 
Confocal Microscopy 
Fluorescence imaging was done on an Odyssey confocal microscope 
(Noran Instruments, Middleton, Wl) mounted on a Nikon Axiophot up- 
right microscope. Control of the microscope and image acquisition 
were done using intervision software running on a Silicon Graphics 
Indy workstation. All imaging was done with a 488 n m excitation filter/ 
515 nm long-pass emission filter, with the slit aperture on the photomul- 
tipliers set to 50 or 100 p,m width. 
Electrophysiology 
Whole-cell patch-clamp methods (Konnerth etal., 1992) were used to 
record from Purkinje cells in sagittal cerebellar slices (200 p.m) pre- 
pared from P12-P21 rats. Patch pipettes were pulled from thin-walled 
borosilicate glass (1.5 mm outside diameter; WPI Instruments, Sara- 
sota, FL) on a vertical Narishige puller and polished to resistances of 
1.7-3 M~. To minimize extracellular spillage of dyes, pipettes were 
first dipped in pipette saline with no dye. Whole-cell access resistances 
were 8-20 M~. 
Mammalian Ringer contained 125 mM NaCI, 2.5 mM KCI, 1.3 mM 
MgSO4, 2.5 mM CaCI2, 1.0 mM NaH2PO4, 26.2 mM NaHCO3, and 11 
mM glucose (pH 7.4; 300 -+ 2 mOsm) bubbled with 95°/o 02/5°/o CO2. 
For caged IP3 and caged Ca 2+ experiments, K-MOPS pipette saline 
contained 180 mM MOPS, 4 mM Na2ATP, 0.4 mM NaGTP, 2 mM 
MgCI2, and 90 mM KOH (pH 7.35; 294 _+ 2 mOsm). In caged GABA 
experiments, the pipette contained 100 mM CsCI, 2 mM ATP, 0.3 mM 
GTP, 5 mM MgCI2, 0.6 mM EGTA, and 40 mM HEPES (pH 7.32; 260 
mOsm). Dyes, Ca 2÷ chelators, and caged compounds were added to 
this pipette saline at the time of the experiments. 
Caged Compounds 
Caged fluorescein-dextran (cF-D; MW 3, 10, and 70 kDa) from Molecu- 
lar Probes (Eugene, OR) was dissolved in water or pipette solution 
(10-50 mg/ml) and kept frozen until use. Photolysis efficiency and spot 
size were determined using test slides prepared by sealing either a 
stock solution/glycerol mixture or air-dried cF-D solution under a cover 
slip with cyanoacrylate glue. In patch-clamp experiments, cF-D was 
dissolved to a final concentration of 5-50 mg/ml in pipette solution. 
The caged Ca 2+ compound NPE was the gift of Dr. Graham Ellis- 
Davies (Oregon Health Sciences University) or was obtained from Mo- 
lecular Probes. Pipette solutions contained K-MOPS buffer plus 10 
mM NPE, 6 mM CaCI2, and 200-500 p.M Calcium Green-1 or -2. Caged 
IP3 was synthesized and purified by the methods of Walker etal. (1989), 
using the caged compound synthesis facility of Dr. Jeffrey Walker (U. 
Wisconsin, Madison). Pipette solutions contained K-MOPS buffer plus 
100-150 p.M caged IP3 and 200-500 ~M Calcium Green-1 or -2. 
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